Abstract-In this paper, two miniaturized (20 × 20 mm 2 ) coplanar waveguide fed slot antennas are proposed. Both the antennas are characterized by ultra wide impedance bandwidth while one of them has an additional narrow band near 2.5 GHz. The radiating element of the proposed antennas is a modified rectangular geometry which is excited by a 50 ohm line. The slot in the ground plane is stair case shape for UWB antenna and octagonal shape for the dual-band antenna. By modifying the slot and adding a λ/4 length metallic stub, an extra resonance is created for the dual-band antenna. The measured impedance bandwidth of the UWB antenna is 7.8 GHz (3.4-11.2 GHz). The impedance bandwidths of the dual-band antenna are 150 MHz (2.45-2.6 GHz) and 8.4 GHz (3.2-11.6 GHz). The radiation patterns of the proposed antenna are found to be bi-directional in E-plane and omni-directional in H-plane. All the measured and simulated results are in good agreement.
and 4.7 to 5.9 GHz. A rectangular notch cut on a rectangular shaped patch CPW-feed antenna operating at 2.4 GHz and 5.2/5.8 GHz was proposed in [8] . In [9] , a 21 × 28 mm 2 coplanar-waveguide (CPW)-fed ultra-wideband antenna with dual band-notch characteristic was presented. The proposed antenna has two notches between 5 to 6 GHz and 7.7-8.5 GHz in the impedance bandwidth from 3.1-10.6-GHz. A 26 × 30 mm 2 printed CPW-fed ultra wideband antenna with C-shaped slots on the rectangle radiator for dual-band notch characteristics was presented in [10] . A 25 × 25 mm 2 CPW fed slot antenna was designed for UWB applications with band notch in the WLAN band of 5.04-6.08 GHz [11] . To achieve the band-notch characteristics, a M-shape slot was cut in the semi-circular radiating patch. In [12] , a 30 × 30 mm 2 ultra wideband antenna with dual notch characteristics was proposed. Two symmetrical slots are etched from the ground plane to achieve the notched band at 5.5 GHz and the other notched band at 3.5 GHz is obtained by etching a split ring slot in the radiator. In [13] , a 28.5 × 33.5 mm 2 CPW-fed fractal slot antenna for WLAN/WiMAX applications was discussed. It was shown to achieve an impedance bandwidth from 2.38 to 3.95 GHz and 4.95 to 6.05 GHz. A 32 × 16 mm 2 ring monopole antenna with double meander lines for dual-band operation was presented in [14] . An asymmetric slot antenna with meandered slit is proposed in [15] for dual-frequency operation. In [16] , an UWB antenna is designed by using the fractal concept. Again, the reported antenna is having the drawback of larger size (77 × 55 mm 2 ). In Table 1 , a comparison of various other single and dual-band antennas [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] is made in terms of the antenna size, antenna purpose, bandwidth and average peak gain. From the table, it is seen that the proposed antenna is more compact (20 × 20 mm 2 ), has a wider impedance bandwidth and an acceptable peak gain for UWB applications. Also, the CPW feeding makes the structure uniplanar, simple to design and have less cost of fabrication (one side printing).
The dual-band and UWB monopole antennas proposed in this article are for LTE/WiMAX/WLAN and UWB applications. The proposed UWB antenna provides an impedance bandwidth of 7.8 GHz, and the proposed dual-band antenna provides impedance bandwidths of 150 MHz and 8.3 GHz. The antenna's performance was simulated using CST Microwave Studio. The effect of antenna's key structural parameters on its performance was also analyzed. Parameter 
ANTENNA DESIGN
The structures of the proposed CPW-fed antennas are shown in Figure 1 . The antenna is printed on one side of a low-cost dielectric substrate (FR4) with thickness of 1.6 mm, relative permittivity of 4.4 and loss tangent of 0.018. Initially, an octagonal slot is etched in the ground plane. The slot is excited by a 50 ohms line terminated on a modified rectangular patch. The impedance bandwidth obtained with this configuration is large. To further increase the impedance bandwidth, the shape of the slot in the ground plane is changed step by step by observing the reflection coefficient characteristics. Finally with staircase slot, the UWB performance is obtained. The extra stub in the ground plane is added to increase the coupling between the slot and the radiating patch, and results into better impedance matching. Next, to introduce an extra resonance at 2.5 GHz, a λ/4 strip is added to the ground plane. But adding the strip affects the coupling between the ground plane and the radiating patch. To enhance the coupling, the shape of the slot is further changed and made octagonal again. Finally, the antenna configuration is optimized. The optimized dimensions of both the antennas are given in Table 2 .
EVOLUTION STEPS OF ANTENNA

Single-band Antenna
Figure 2(a) shows the return loss characteristics for the evolutionary stages of the ultra wideband antenna. As described in the antenna geometry, the initial design is an octagonal slot containing a modified rectangular patch. The bandwidth achieved with this design is from 3 GHz to 5.2 GHz. By assigning a staircase profile to one of the corners of the slot, the bandwidth is extended to 6.8 GHz. In the third step, a small vertical stub is attached on the left side of the lower ground plane. This creates a resonance near 8.5 GHz and the bandwidth nearly covers the entire FCC UWB. Finally, the impedance matching over the entire UWB is improved by staircase profiling the upper left corner of the slot. The staircase profiling accumulates currents at its corners which creates an inductive reactance. This inductive reactance neutralizes to some extent the capacitive reactance of the slot over some frequencies and hence reduces the imaginary part of the antenna impedance. Thus, the impedance matching is improved.
Dual-band Antenna
The evolution of the dual-band antenna is shown in Figure 2 (b). As for the ultra wideband antenna, progressive improvement in the impedance bandwidth can be noted with each modification. In order to keep the reflection coefficient below −10 dB for the entire ultra wide-band range a stub has been added to the ground plane nearer to the radiating patch (black color (iii)), this leads to a wider bandwidth from 3.2-11.6 GHz. Next, in order to generate a new resonant frequency near 2.5 GHz without disturbing UWB performance, narrow rectangular stub has been attached to the upper ground plane (blue color (v)). This results in a dual-frequency operation from 2.45-2.6 GHz and 3.18-11.6 GHz. It is further seen from the figure that in the final stage, to the horizontal strip attached to the ground plane at the top of the slot, a small vertical stub is attached. This makes the horizontal strip draw a larger current from the ground plane and increases the depth of the resonance at 2.5 GHz.
RESULTS AND DISCUSSION
The proposed antenna is designed using the commercial electromagnetic software CST Microwave Studio and fabricated with optimized dimensions. Figures 3 and 4 show the fabricated prototype along with the measured and simulated reflection coefficients for UWB antenna and dual-band antenna, respectively. The measurements have been performed using Rohde & Schwarz Vector Network Analyzer (R&S ZVA-40). As seen from Figures 3 and 4 , a good agreement between the simulated and the measured results is observed. The small difference between the measured and simulated results is due to the effect of uncertainty in substrate dielectric constant, SMA connector quality and fabrication tolerance. The measured impedance bandwidth of UWB antenna is 7.8 GHz from 3.4 to 11.2 GHz and the measured impedance bandwidths of the dual-band antenna are 150 MHz from 2.45 to 2.6 GHz and 8.3 GHz from 3.2 to 11.5 GHz.
The resonance behavior of the antennas can be better understood by considering the current distribution. Figure 5 shows the surface current distribution of the UWB antenna at different frequencies. From the figure it can be concluded that the resonance at 3.5 GHz is due to the slot in the ground plane as it shows two maxima along the slot length. The resonance at 4.5 GHz is due to the modified rectangular patch as it shows maximum current on the patch. The resonance at 6.5 GHz is the second resonance of 3.5 GHz as it shows four current maxima around the slot. Figure 6 shows the current distribution of the dual-band antenna. From the figure, it can be said that the resonance at 2.52 GHz is due to the additional strip added in the ground plane. The surface current distribution shows two maxima along the slot length at 3.5 GHz and therefore the resonance at 3.5 GHz is due to the slot in the ground plane. The lower cut-off frequency of the UWB depends on the slot periphery. There is maximum current in the rectangular patch at 5.2 GHz; therefore the resonance at 5.2 GHz is due to the rectangular radiating patch. Thus, the third resonance f 3 is due to the monopole like behavior of the hexagonal patch.
PARAMETRIC STUDY
As discussed earlier, the first resonance in case of the dual band antenna at 2.52 GHz is due to the additional strip added to the ground plane. The resonance frequency is decided by the length X of the additional strip. The effect of this length X on the return loss of the dualband antenna is shown in Figure 7 . From the figure, it can be seen that as the length X increases the first resonance shifts towards the lower frequency side. As an open ended strip line works like a λ/4 resonator, by equating the length X to λ/4, the resonance frequency can be calculated.
The importance of vertical stub on the left side of the lower ground plane in the case of proposed UWB antenna is shown in Figure 8 (a). It is seen that when the vertical stub is not attached (blue color dashed-line) to the ground plane, the impedance bandwidth is only limited to 4 GHz (3.2-7.2 GHz). In order to extend and achieve full UWB, a vertical stub is attached (red color solid-line) to the ground plane so that an extra resonance can be generated at higher frequency (around 8.5 GHz). The simulated current distribution at 8.5 GHz shown as an inset in Figure 8 (a) confirms this resonance. Further, this stub increases the coupling between the patch and the ground plane and a wider bandwidth is achieved from 3.2-11.2 GHz. Figure 8 (b) shows the effect of variation of L 2a on the return loss of the dual-band antenna. It can be seen from the figure that length L 2a has a significant effect on the return loss. As the value of L 2a increases or decreases from a particular value, the return loss starts deteriorating. Therefore, there is a need of optimization of the value of L 2a , which is optimized and found to be 0.4 mm. 
RADIATION PATTERNS AND PEAK GAIN
The radiation patterns of the proposed two antennas are simulated in E-plane and H-plane using CST Microwave Studio and measured in an anechoic chamber using antenna measurement system. A standard double-ridged horn is used as a reference antenna. The simulated and measured radiation patterns of the proposed antenna at different frequencies are shown in Figures 9 and 10 . The H-plane radiation pattern has omni-directional shape while the E-plane radiation pattern has bidirectional or dumb bell shape. For both the cases, the simulated and measured results are found to be in close agreement with a little difference due to measurement and alignment errors. At higher frequencies, the radiation pattern deteriorates because the equivalent radiating area changes with frequency over UWB. Unequal phase distribution and significant magnitude of higher order modes at higher frequencies also play a part in the deterioration of radiation pattern at higher frequencies. In Figure 11 , the simulated radiation patterns for the antenna without the staircase profile and the proposed antenna (antenna with the staircase profile) are compared. It is noted from the figure that by introducing the staircase profile, a slight asymmetry is introduced in the radiation patterns.
The measured peak gains of the proposed antennas as functions of frequency in the operating band are plotted in Figure 12 . As can be seen, stable gains across the desired bands have been achieved. The peak gain remains between 1 and 8 dBi in the useful band and increases with frequency due to the increased effective area of the antenna at shorter wavelengths. The stable radiation patterns with a reasonable peak gain make the proposed antenna suitable for being used in LTE/WiMAX/WLAN and UWB communication applications. 
ANTENNA DESIGN WITH BAND-NOTCH CHARACTERISTICS
To minimize the interference of the antenna with existing 5.1-5.85 GHz WLAN band, the antenna design is slightly modified to generate an impedance notch near 5.5 GHz. The modified design is shown in Figure 13 . As seen in the figure, an open ring slot is etched on the radiating patch to create the desired characteristics. The width of the slot is 0.3 mm while the mean length of the slot is made equal to 17 mm. The slot resonates at the frequency where its length becomes equal to half of the wavelength. Hence for a length of 17 mm, the resonance frequency using Equation (1) comes out to be 5.4 GHz.
In Figure 14 , the simulated reflection coefficients for the antenna with and without band notch characteristics are shown. Comparison is made for both the cases, the ultra wideband antenna and the dual-band antenna. It is seen that with the introduction of the slot on the patch, a notched band is realized in 5-6 GHz band. From the simulated VSWR plot (Figure 15 ), it can be seen that the VSWR in the notched band reaches up to 8 for the UWB design while for the dual-band design, it crosses the value of 12. To see how the location of the notch varies with the length of the ring slot on the patch, a small parametric study is performed for the UWB antenna, and the dual-band antenna and the results are shown in Figure 16 . It can be noted as expected that as the length of the slot is increased, the notch frequency decreases. The simulated surface current distribution for the two antenna designs with notched characteristics (UWB and dual band) is shown in Figure 17 and Figure 18 respectively. The current distribution is shown at two frequencies; one within the notched band (5.5 GHz) and one outside of the notched band (7.0 GHz). It can be seen from the figure that for both the antennas, there is a significantly higher current distribution around the open ring slot at the in-band frequency (5.5 GHz) when compared to the current distribution at 7.0 GHz. When the slot resonates, it acts as a short circuit to the feed line absorbing most of the current, dissipating it in the form of conductor loss and leaving little power for radiation.
The peak gains of the proposed UWB and dual-band antenna with notch characteristics as obtained from CST Microwave Studio simulations are given in Figure 19 . It can be observed from Figure 19 and Figure 19 (b) that the peak gains of the antenna with and without the notch characteristics are almost equal at all the frequencies except for the notch region. A sudden drop in the peak gain is observed at notched frequency due to non radiation of antenna at this band. The peak gain drops to as much as −4 dB indicating the capability of the antenna to suppress interference with the WLAN systems operating over this band.
CONCLUSIONS
Two compact CPW-fed antennas are proposed. One of the antennas is UWB (measured bandwidth being 3.4-11.2 GHz) while the other is dual band (measured bandwidth being 2.45-2.6 GHz and 3.2-11.6 GHz). The proposed antennas are fabricated on an FR-4 substrate and their performances measured. The measured results of the fabricated antennas show nearly omnidirectional radiation patterns over the entire operating band. The good impedance matching characteristics with measured gain acceptable for portable devices make these antennas a good candidate for LTE/WLAN/ WiMAX and UWB applications.
